were reviewed by DOE, and their combined impact on a suite of 16 building prototype models in 15 ASHRAE climate zones was considered. Most addenda were deemed to have little quantifiable impact on building efficiency for the purpose of DOE's preliminary determination. However, out of the 109 addenda, 34 were preliminarily determined to have measureable and quantifiable impact.
Introduction
In support of the United States (U. . Using weighting factors by building type and geographic area developed from 5 years of recent construction data, these energy use statistics are then aggregated to national levels for each revision of the Standard 90.1, both by building prototype and weighted across building type. DOE uses this data to assess whether a positive determination can be made for ASHRAE Standard 90.1-2010.
The document describes
• characterization of the building models,
• characterization of the addenda to be modeled for ASHRAE 90. 1-2007, • the simulation tool used,
• translation of the addendum into engineering parameters used in the computer simulations,
• use of Building Construction weights to aggregate results from simulations across building types and locations into national results, and,
• results of the analysis with regard to the overall EUI for buildings under both Standards and the energy and energy cost savings of the standard (expressed as a percentage change in EUI).
2.1
Background
Title III of the Energy Conservation and Production Act, as amended (ECPA), establishes requirements for the Building Energy Efficiency Standards Program. (42 U.S.C. 6831et seq.) Section 304(b), as amended, of ECPA provides that whenever the ANSI/ASHRAE/IESNA Standard 90. (Standard 90. or 1989 edition), or any successor to that code, is revised, the Secretary must make a determination, not later than 12 months after such revision, whether the revised code would improve energy efficiency in commercial buildings and must publish notice of such determination in the Federal Register. (42 U.S.C. 6833 (b)(2)(A)) The Secretary may determine that the revision of Standard 90. or any successor thereof, improves the level of energy efficiency in commercial buildings. If so, then not later than two years after the date of the publication of such affirmative determination, each State is required to certify that it has reviewed and updated the provisions of its commercial building code regarding energy efficiency with respect to the revised or successor code. (42 U.S.C. 6833(b)(2)(B)(i)) The State must include in its certification a demonstration that the provisions of its commercial building code, regarding energy efficiency, meet or exceed the revised standard. 
Determination Process
DOE typically requests two types of analysis from the BECP in a determination of energy savings for a revised Standard 90.1. The first is a qualitative analysis that attempts to identify all the changes made to the baseline version of Standard 90.1 to create the revised standard and categorize the changes as having a positive, negative, or neutral impact on energy efficiency in Standard 90.1. No attempt is made to estimate the numerical energy savings either in absolute terms or as a percentage of baseline energy use in the qualitative analysis. Rather, the qualitative analysis discusses qualitatively the significance of each addendum in terms of energy consumption in buildings and whether it appears that the addenda will likely save energy, result in higher energy use, or be largely neutral with regard to energy efficiency. Three steps are typically undertaken in the qualitative analysis. The first step is to identify all changes made to Standard 90.1. The second step is to estimate qualitatively the impact of each change on the energy efficiency of Standard 90.1. The third step is to look at the changes and categorize them into those that have a clear impact on stringency of requirements in the standard, and of these, those that can or cannot be incorporated in DOE's quantitative analysis.
The second type of analysis that BECP performs for DOE is the quantitative analysis of energy savings on Standard 90.1. This analysis uses the results of the qualitative analysis to identify what addenda should be incorporated into the building models used for whole building simulation. These addenda are then reflected as changes in the particular building models to represent compliance with Standard 90.1-2007.
Addenda in Standard 90.1-2007
DOE prepared a qualitative assessment of the addenda to Standard 90.1-2010 and published it as a web document in support of a preliminary assessment of energy savings. 1 The qualitative analysis contains the complete list of addenda processed by ASHRAE for Standard 90. 2007 and addenda a, b, c, d , e, f, g, h, I, j, k, l, m, n, o, p, q, r, s, t, u, v, w, x, y, aa, ab, ac, ad, ae, af, ag, ai, aj, ak, al, am, an, ao, ap, aq, ar, as, at, au, av, aw, ax, ay, az, ba, bc, bd, bf, bg, bh, bi, bj, bk, bl, bm, bn, bo, bp, bq, br, bs, bt, bu, bv, bw, bx, by, ca, cb, cc, cd, ce, cf, ch, ck, cl, cn, co, cp, cq, cr, cs, ct, cv, cw, cy, cz, da, db, dc, dd, de, df, dg, di, dj, dk, dl, dn, do, dp, dq, and dr to ASHRAE Standard 90. . The qualitative analysis lists each addendum and describes how the text of the standard is affected by the change and how that will likely impact the efficiency of new buildings constructed to the standard in the United States. The qualitative analysis also identifies what portion of the standard is affected by the change. ASHRAE Standard 90.1-20010 includes addenda that
• are purely editorial in nature,
• update prescriptive design and construction requirements for the envelope, lighting, and mechanical sections of the Standard,
• update references to other documents,
• update the performance path option to compliance (the energy cost budget or ECB section of Standard 90.1), and
• affect informative appendix material provided in Standard 90.1-2004 but are not part of the construction and design requirements of the Standard.
For the quantitative analysis, DOE incorporated only addenda that modified the prescriptive requirements of the Standard. In specific circumstances, particularly with regard to requirements for certain heating, ventilation, and air conditioning (HVAC) equipment, addenda to Standard 90.1-2010 reflect changes to national manufacturing standards previously developed by DOE or enacted independently through Federal legislation. Because the energy savings that are attributable to these national manufacturing standards would accrue no matter what version of Standard 90.1 is considered and regardless of whether they are reflected in the text of the Standards, DOE has not incorporated these as changes contributing to energy savings for the purpose of the Determination. Table 4 .1 is a copy of Appendix F to Standard 90.1-2010 with minor edits to define some of the acronyms used in Appendix F and other edits to ensure that all descriptions follow a similar format. This addendum removes the terms "replacement" and "new construction" from the product classes listed in Table 6 .8.1D and replaces them with the terms "non-standard size" and "standard size," respectively, to clarify that one product class is intended for applications with non-standard size exterior wall openings while the other is intended for applications with standard size exterior wall openings. The addendum also amends Section 6.4.1.5.2 and footnote b to This modifies the requirements of section 9.1.2 Lighting Alterations and replaces the previous public review draft of addendum "av" in its entirety. This change recognizes the practical design application of excluding bathroom lighting from "master" switch control in hotel/motel guest rooms and adds a requirement to eliminate wasted light in guest room bathrooms. This change requires users to identify spaces by function and is consistent with a previous interpretation. It is expected that the net energy result will be positive. Lighting controls must be functionally tested to ensure their proper use and appropriate energy savings. This addendum provides requirements for those tests. This addendum provides requirements for multiple zone HVAC systems (that include simultaneous heating and cooling) to include controls that automatically raise the supply-air temperature when the spaces served are not at peak load conditions. This addendum adds requirements for chillers with secondary coolants (glycol or brine). In additions, there are changes to footnote a to This addendum includes a number of changes to require simple systems to meet prescriptive outdoor air damper requirements, allow backdraft dampers only for exhaust and relief dampers in buildings less than three stories in height, require backdraft dampers on outdoor air intakes to be protected from wind limiting windblown infiltration through the damper. 
Simulation Methodology
The purpose of the preliminary quantitative analysis is to provide DOE with an evaluation of the relative energy efficiency of ASHRAE Standard 90.1-2007 and ASHRAE Standard 90.1-2010 when taken as a whole. To the degree that it can be considered representative of all commercial building construction, the preliminary analysis provides an estimate of the energy impact of the change in standards on commercial building energy efficiency. The quantitative comparison of energy codes was based on whole building energy simulation of buildings built to either the ASHRAE Standard 90.1-2007 or 90.1-2010. It is not feasible to simulate all possible permutations of building design, nor is the data available to weigh correctly each possible permutation in each possible U.S. climate as a fraction of the national building construction mix. Hence, the quantitative analysis focuses on the use of prototype buildings that reflect typical construction practices.
For the purpose of the preliminary determination, DOE used a set of 16 commercial building prototypes based on DOE's published commercial reference building simulation models 1 developed by DOE in support of the DOE Building Technologies Program Commercial Building Initiative.
2,3 There is one additional prototype building for high-rise multi-family apartment buildings that is not included in DOE's reference building models. The prototypes are implemented as building models for use with the EnergyPlus 4 whole-building energy simulation software. In addition, for the simulation work, each prototype building is assumed to be potentially situated in 1 of 15 climate zones, each corresponding to the 15 U.S. climate zones used in the Standard 90.1-2007 and Standard 90.1-2010 versions. For each climate zone, a most-representative location and corresponding typical meteorological year (TMY) weather file is identified, 5 which results in 225 climate/prototype combinations.
The individual building models for each climate are then modified as needed to correctly reflect the prescriptive requirements for Standard 90.1-2007 as required for each climate zone. DOE received input from the ASHRAE Standard 90.1 Simulation Working Group in support of this effort, resulting in some modifications to the DOE published commercial reference building models. In addition, for each of these Standard 90.1-2007 compliant building models, a second, corresponding building with the same basic design and use patterns, but which reflected the prescriptive requirements for Standard 90.1-2010, was developed. This latter process was completed by review of each addenda; first establishing whether that addenda would impact a given building prototype (based on the assumptions and descriptions of the benchmark building components) and in which climates.
Each of the 480 resulting building models was then simulated using EnergyPlus, and the resulting energy use was extracted by fuel type and by end use. The energy use data were then aggregated by fuel 5.2 type and, using the floor space for each prototype, were converted to EUI metrics for each fuel by building prototype by climate and standard level. DOE developed estimates of the new construction floor space that correspond to each prototype/climate zone combination. It then used this data to develop the relative fraction of new construction floor space represented by building prototype and within the 15 climate zones. Using the EUI statistics from each building simulation and the corresponding relative fraction of new construction floor space, DOE developed floor-space-weighted national EUI statistics by fuel type for each building type and standard level. DOE then added these fuel-specific EUI estimates to obtain national site energy EUI by building type and standard level. DOE also applied national average fuel prices data and national average primary energy fuel conversion rates data to the fuel-specific EUI data to obtain estimates of national primary energy EUI and national energy cost intensity (ECI), again by building type and by Standard 90.1 level. DOE examined the national results by building prototype to determine which building types would show a reduction in energy use under Standard 90.1-2010.
Finally, DOE used the relative floor space data for each of the building types nationally to weight the EUI and ECI statistics by building type to arrive at national site EUI, primary energy EUI, and ECI values for buildings constructed under both versions of Standard 90.1. The approach taken is not comprehensive to all buildings. The analysis assesses the relative energy impact of the standard by simulation of prototypical examples of buildings of various types reflected in the overall building population. It is recognized that there will be specific requirements of the standard that will not be amenable to simulation within the scope of this analysis. For most of these specific requirements, any differences in requirements will suggest an obvious stringency change between the standards, and this has been explored in the qualitative analysis done in parallel to this quantitative assessment.
6.1
Building Types and Model Prototypes
Sixteen DOE prototype buildings (Table 6 .1) were used in the DOE preliminary quantitative analysis. A seventeenth DOE prototype or reference building model, supermarket, was not used for the preliminary quantitative analysis because an extant benchmark was not available at the start of the Preliminary Determination process. Each DOE reference building model building is defined as characteristic of a certain class of buildings, mostly corresponding to a classification scheme established in the 2003 DOE/Energy Information Administration (EIA) Commercial Building Energy Consumption Survey (CBECS).
1 CBECS categorizes commercial buildings using variables principal building activity (PBA) and PBAplus for more specific activities, separating the commercial sector into 29 PBA categories and 51 further subcategories. DOE relied heavily on these classifications in determining the buildings to be represented by the set of reference building models. By mapping CBECS observations to each prototype, DOE also used the CBECS building characteristics data to develop reference buildings that could best typify the building stock represented by each. Multi-family housing buildings are not included in CBECS but are covered by Standard 90.1 if over three stories high. Consequently, DOE developed a mid-rise apartment building to add to the original reference building prototypes identified through the review of CBECS. The characteristics of the mid-rise and high-rise multi-family buildings were developed from data in a separate study by Pacific Northwest National Laboratory (PNNL).
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In the case of office buildings, one of the largest PBA categories in terms of square footage of stock, DOE determined that the wide variation in building design and equipment use made determining a "typical" office design difficult. Consequently, DOE developed three sizes and form factors characteristic of small, medium, and large office buildings to reflect the wide variation of office building design. To keep the building set manageable, the basic form factor and equipment selection for each reference building was developed to be most typical of construction on a national basis. It is thus characteristic of a specific construction. Regional variation in form factor, size, or design differences such as equipment selection are not represented in the group of reference buildings.
As stated, the original basis of the building models used in the preliminary quantitative analysis is the new construction set of reference building models posted by DOE that are believed to represent typical new building architectural program and design, and use ASHRAE Standard 90.1-2004 as the basis for many construction specifics. Each of these DOE benchmark buildings was subsequently vetted through the ASHRAE Standard 90.1 subcommittee to clarify further construction and operation assumptions by building type and to confirm that the building models accurately reflect the requirements of ASHRAE Standard 90. . Because this review process resulted in some modification of assumptions from the original DOE reference building models, this revised second set of 16 prototypes actually used in the preliminary quantitative analysis is referred to as the ASHRAE reference buildings (or the prototypes). ASHRAE's Standard 90.1 Standing Standards Product Committee (SSPC) is working with DOE to use this set of ASHRAE reference buildings to establish the energy benefits of ongoing addenda being considered for subsequent versions of Standard 90.1. DOE has posted both ASHRAE 90.1-2007 and ASHRAE 90.1-2010 compliant versions of these 16 reference buildings on the DOE website for the as background information for DOE's preliminary determination at http://www.energycodes.gov/implement/determinations_90.1-2007.stm. The 90.1 SSPC reviews have already resulted in changes to some of the original DOE-developed reference buildings, and it is anticipated that further updates will result in a single set of reference building models.
The 16 building-type categories used in the preliminary quantitative analysis together reflect approximately 80 percent of the total square footage of commercial construction, including multi-family buildings greater than three stories, covered under ASHRAE Standard 90.1.
Inclusion of Addenda
In the preliminary qualitative analysis, DOE identified thirty four specific addenda that would have a measurable impact using the simulation methodology and would be modeled. DOE examined each of the 109 addenda to Standard 90.1-2007 and specifically identified which of the ASHRAE reference building models would be affected by the addenda and modified to reflect inclusion of the addenda for the preliminary quantitative analysis. Where an addendum was believed to have no readily discernable energy impact, this was also identified. For certain addenda, DOE determined that while the addenda may have an impact on commercial building energy use, the analysis methodology could not readily capture that impact, usually because the energy using building feature impacted was not represented in any of the reference building models.
In addition, an underlying theme in the preliminary quantitative analysis was that the preliminary quantitative analysis reflects real changes to building code requirements that would be expected to be either required by States, or whose impact on energy use be reflected in revised State building codes (since EPCA requirements for State building codes do not explicitly require adoption of Standard 90.1 or specific addenda but rather that overall updated building code efficiency be equivalent to that of the last version of Standard 90.1 for which DOE issued a positive determination). This theme results in special treatment of addenda in two key areas; ventilation requirements and equipment efficiency changes.
Ventilation
The preliminary quantitative analysis assumed the same base ventilation level for buildings Ventilation rates can have significant impact on the energy use of commercial buildings. States and local jurisdictions typically specify the ventilation requirements for buildings within their respective building codes and set these requirements independent of the energy code requirements. Because of the limited and oblique references to ventilation requirements (through exceptions to actual requirements) within either edition of ASHRAE Standard 90.1, the requirements that States certify that their energy codes meet or exceed the latest version of ASHRAE Standard 90.1 will in general not require modification of State ventilation code requirements. DOE recognizes that in many cases, State ventilation requirements can be traced back to requirements found in one or another version of ASHRAE Standard 62.1. For the quantitative analysis, DOE assumed ventilation rate for the simulation prototypes based on the requirements of ASHRAE Standard 62. 1-2004. 
Equipment Efficiency and Mandatory Federal Efficiency Standards
Both Historically, Standard 90.1 has provided for improved efficiency in mechanical equipment with primarily commercial applications, using effective dates that occur after the standard is published, typically 2 or 3 years after publication. It has done so primarily to give manufacturers time to make available higher efficiency equipment on the market for those States adopting the revised Standard 90.1 efficiency levels. For most of this commercial HVAC and service water heating equipment, revisions to ASHRAE also serve as a trigger for DOE to revise minimum manufacturing efficiency standards for this equipment. Revised minimum manufacturing standards set by DOE for this equipment are generally subject to a provision that they be no less efficient than those shown in the most recent version of ASHRAE Standard 90.1; however, manufacturing standards generally will not be in effect for between 2 to 4 years after they are in effect in the ASHRAE standard. (42 U.S.C. 6291 et seq., as amended; EPCA) For this reason, the publication of commercial equipment efficiency improvements in a revised Standard 90.1 results in improved efficiency in commercial buildings, particularly for States and jurisdictions that adopt Standard 90.1 efficiency requirements prior to these requirements being adopted as Federal manufacturing standards. In addition, because it serves as a trigger for a broader DOE rulemaking on Federal manufacturing standards, the publication in Standard 90.1 will eventually have an impact on efficiency of commercial buildings in all U.S. jurisdictions. However, a concern for the preliminary determination is how to treat an addendum to Standard 90.1, which results in an increase in commercial equipment efficiency in the far future. In the case of Standards 90.1-2007 and 90. , ASHRAE set the effective date of certain of these revised efficiency levels as far out as 2020, 13 years 7.3 from the original publication date of Standard 90. . Because Standard 90.1 is currently revised in a 3-year cycle, DOE preliminarily determined that it would only include the effect of equipment efficiency changes in the Standard 90.1-2007 whose effective date in Standard 90.1 is within 3 years of the date of the publication of the revised standard. Efficiency improvements with effective dates greater than 3 years after publication will be considered in DOE's determinations about forthcoming editions of Standard 90.1. 
Modeling of Specific Addenda
No details of the modeling of specific addenda to Standard 90.1-2007 will be available until the publication of the technical support document for DOE's progress indicator to ASHRAE on Standard 90.1-2010. This document will be available in 2011 and will allow the preliminary quantitative analysis to be updated in time for the final determination of energy savings.
9.1
Simulation of Prototypes and Extraction of Results
Simulation of all 480 prototype/climate zones combinations was done using EnergyPlus. Each prototype is first simulated using a set of design-day runs based on ASHRAE design-day conditions. Certain specific data related to sizing of systems and equipment and necessary for determining the impact of addenda are extracted from the design day runs. Necessary updates to the input decks for each prototype type are made to correctly reflect the addenda, and an annual run is then performed for each of the prototype in each climate and at each standard level. Annual energy use for each annual simulation by fuel type (natural gas or electricity) is extracted for each simulation both by end use and at the whole building level. Data for each building prototype in each climate zone are extracted from the EnergyPlus simulations results using PERL scripting tools and the data incorporated into special purpose spreadsheets to weight to nationwide results. The energy use data is converted to EUI data by dividing by the building area for each prototype. This EUI data is then weighted using weighting factors discussed in the next section to provide nationally representative results.
Development of Weighting Factors
For this weighting, weighting factors were developed based on 5 years of construction data purchased by DOE from McGraw Hill's FW DODGE dataset. Development of the weighting factors is discussed in a DOE/PNNL report. 1 This report details weighting factors for 16 building prototypes, including the high rise apartment commercial reference building prototype. Table 10 .1 shows the resulting weighting factors by climate and by building prototype used for each prototype in the preliminary determination. Table 11.1 and Table 11 .2 show the national EUI by building type for the 16 building prototypes analyzed and on an aggregated national basis for the 2007 and 2010 editions, respectively, based on the weighting factors discussed previously. For each edition of Standard 90.1, the national building floor area weight used to calculate the national impact on building EUI or building ECI is presented. The national average electricity and gas building EUI is presented separately for each building prototype analyzed, electricity being the predominant energy usage in all prototypes. DOE's prototypes reflect the use of two fuel types, electricity and natural gas. Using the weighting factors, DOE was able to establish an estimate of the relative reduction in building energy use, as determined by a calculated reduction in weighted average site EUI for each building prototype. Site energy refers to the energy consumed at the building site. In a corresponding fashion, DOE was also able to calculate a reduction in terms of weighted average primary EUI and in terms of weighted average energy cost intensity (ECI) in $/sq. ft. of building floorspace. Primary energy as used here refers to the energy required to generate and deliver energy to the site. To estimate primary energy, all electrical energy use intensities were first converted to primary energy using a factor of 10,918 Btus primary energy per kWh (based on the 2010 estimated values reported in Table 2 of the EIA 2010 Annual Energy Outlook, release date December 2009, available at http://www.eia.doe.gov/oiaf/archive/aeo10/aeoref_tab.html).
Results
The conversion factor of 10,918 was calculated from Table 2 by summing the commercial electricity value of 4.62 quads with the electricity losses value of 10.17 quads and then dividing that sum by the commercial value. ((4.62 + 10.17) / 4.62 = 3.2) This yields an electricity ratio of 3.2 for converting how much primary (source) electricity is required per unit of site required electricity. This ratio of 3.2 is then multiplied by 3,412 Btu per kWh, producing a value of 10,918 Btus primary energy per kWh of site 11.3 energy. Natural Gas EUIs in the prototypes were converted to primary energy using a factor of 1.090 Btus primary energy per Btu of site natural gas use (based on the 2010 national energy use estimated shown in Table 2 of the AEO 2010). This natural gas source energy conversion factor was calculated by dividing the natural gas subtotal of 23.15 quads (sum of all natural gas usage, including usage for natural gas field production, leases, plant fuel, and pipeline (compression) supply) by the delivered natural gas total of 21.23 quads (sum of four primary energy sectors (residential, commercial, industrial, and transportation).
To estimate the reduction in energy cost index, DOE relied on national average commercial building energy prices of $0.1027 / kWh of electricity and $10.06 per 1000 cubic feet ($0.9796/therm) of natural gas, based on EIA statistics for 2010 (the last complete year of data available in Table 5 .3 Average Retail Price of Electricity to Ultimate Consumers: Total by End-Use Sector for the commercial sectoravailable from EIA at http://www.eia.doe.gov/cneaf/electricity/epm/table5_3.html and for 2009 (the last complete year of data available from the EIA Natural Gas Annual Summary for the commercial sector available at http://tonto.eia.doe.gov/dnav/ng/ng_pri_sum_dcu_nus_a.htm.) DOE recognizes that actual fuel costs will vary somewhat by building type within a region, and will in fact vary more across regions. Nevertheless, DOE believes that the use of simple national average figures illustrates whether there will be energy cost savings sufficient for the purposes of the DOE determination.
Resulting EUI statistics by fuel type and site or primary energy are shown in Table 11.1 and Table  11 .2 for Standard 90.1-2007 and Standard 90.1-2010, respectively, and using ASHRAE Standard 62.1-2004 ventilation assumptions for both sets of buildings. In terms of energy expenditures per square foot per year, ECI statistics are provided as well in these tables. Table 11 .3 presents the estimated percent energy savings (based on change in EUI) between the 2007 and 2010 editions. Considering those differences that can be reasonably quantified, the 2010 edition will increase the energy efficiency of commercial buildings. The values shown in Table 11 .3 represent percent energy savings.
